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ABSTRACT
Quantifying the reliability and validity of gait data in patients with knee osteoarthritis is
required to more confidently evaluate effects of interventions and identify potential
responders. 109 patients after high tibial osteotomy underwent 3-dimensional gait
analysis consisting of four walking trials to calculate the external knee moments in three
anatomical planes. The first two trials were compared to the second two trials to evaluate
within-session test re-test reliability. 61 patients were matched to 61 healthy controls of
similar age, sex and body mass index. Intraclass correlation coefficients were very high,
ranging from 0.93 for peak knee adduction moment to 0.84 for peak knee external
rotation moment. Standard errors of measurement were more variable. The knee
adduction and extension moments were significantly different between groups. These
results suggest that knee moments are reliable and valid, but also illustrate the importance
of considering measurement error when evaluating immediate changes in individuals.
Key Terms: knee; osteoarthritis; knee moments; responder; minimum detectable change
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CHAPTER 1 – INTRODUCTION
1.01 Background and Rationale
Osteoarthritis (OA) is a leading cause of disability among the adult population
worldwide.1 Knee OA is one of the most prevalent forms of OA and is most commonly
present in the medial compartment of the tibiofemoral joint,2 likely due to the greater load
applied to this compartment during walking and other weight-bearing activities.3,4 Knee
OA is traditionally defined as a breakdown of the cartilage in the joint, with joint space
narrowing and a presence of osteophytes, causing pain and disability.5 However, knee
OA is now known to be a disease of the entire joint.6 There is no cure for knee OA.
Rather, treatments are typically aimed at improving symptoms and decreasing risk factors
for disease progression, with total knee joint replacement reserved for end-stage disease.
Excessive knee loading is generally accepted as a strong risk factor for the progression of
OA.7–9 This is particularly important for medial compartment knee OA as approximately
75% of the knee joint load passes through the medial tibial plateau.10 Three-dimensional
quantitative gait analysis is currently used to measure dynamic lower-limb alignment and
estimate knee joint loading.11,12 The external knee adduction moment (i.e. the moment
about the knee in the frontal plane that tends to adduct the knee) is suggested as a viable
proxy for the knee's medial compartment load accounting for approximately 75% of the
compressive load,10 and is correlated with the development and progression of knee
OA.13–16 Moments in the sagittal plane can also be affected by knee OA.17–21 Although
fewer studies consider the moments about the knee in the transverse plane, some authors
also report increases in knee rotation moments compared to healthy controls.22,23
The majority (75%)10 of the compressive load in the knee joint can be attributed to the
knee adduction moment. However, this still leaves 25% of the compressive load to be
accounted for. Moments about the knee in the sagittal plane (flexion/extension) and
transverse plane (internal/external rotation) may also contribute to the load. Given that
human gait is inherently three dimensional, investigating the moments about the knee in
all three anatomical planes of the body may be beneficial in further understanding the
contributing factors to knee joint loading.
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Several conservative interventions are intended to influence the moments about the knee
during gait and thereby reduce medial compartment loading. Unloading knee braces,
lateral wedge insoles and variable stiffness shoes are all examples of orthoses that are
recommended in the treatment of medial compartment knee OA due to their potential
effects on altering moments about the knee and decreasing loads borne by the medial
compartment.24–26 The evidence supporting the effectiveness of these devices is mixed
and patient responses vary widely.27–30 Because of the large variability in patient
responses, some authors have expressed interest in using gait analysis to identify patients
as responders and non-responders to interventions aimed at altering biomechancis.25,31
For example, if a patient can be tested immediately before and after donning an orthosis,
those who experience changes in knee joint moments might be considered responders and
may benefit from attempting the intervention. Alternatively, those patients who do not
experience a change in knee moments when donning the orthosis may not be good
candidates for that particular intervention. In order to identify whether or not true changes
in knee moments have occurred immediately (i.e. identify a responder), it is necessary to
quantify the within-session test-retest reliability, measurement error and minimum
detectable change of the moments about the knee.
When attempting to decrease the moments about the knee in patients with knee OA,
knowledge regarding the magnitude of such moments in healthy individuals without knee
OA would be helpful for providing a treatment target. Although several previous studies
have compared knee moments during gait in subjects with and without knee OA, most
studies have compared samples with very different body masses. Obesity does of course
contribute to excessive knee loading, and is indeed a strong risk factor for the
development and progression of knee OA.32–35 However, comparisons of knee moments
in patients and controls that have largely different body mass indices (BMIs) may overestimate the importance of observed differences in moments. A more meaningful
comparison, providing an appropriate treatment target for interventions intended to
decrease knee moments, would match subjects with and without knee OA for BMI.
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1.02 Objectives and Hypotheses
The primary objective of this study was to evaluate the within-session test-retest
reliability of moments about the knee during gait in patients with medial compartment
knee osteoarthritis (OA). We hypothesized that these measurements would demonstrate
very good reliability with intraclass correlation coefficients (ICC) greater than 0.75.
The secondary objective was to compare the moments about the knee during gait in
participants with and without symptomatic medial compartment knee OA, matched for
sex, BMI and age. We hypothesized that participants with knee OA would have
significantly higher external knee adduction and extension moments than their sex-BMIage matched counterparts.
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CHAPTER 2 – REVIEW OF THE LITERATURE
This chapter will provide an overview of knee OA, including risk factors attributed to the
development and progression of the disease. Example conservative treatment options
most relevant to this thesis for knee OA will also be discussed. Given the present study’s
objectives, emphasis will also be placed on reviewing the moments about the knee during
walking.
2.01 Osteoarthritis of the Knee
Osteoarthritis of the knee is one of the most common musculoskeletal disorders affecting
North Americans and is the most frequently reported reason for long-term disability.36
Approximately 17% of people older than 45 have symptomatic knee OA.37 Osteoarthritis
is most often defined based on pathological changes seen radiographically, the presence
of joint-related symptoms, or both.38 Kellgren and Lawrence5 scores are generally used to
grade the radiographic severity of OA.
There are many risk factors associated with the development and progression of knee
OA. These factors can be divided into three interrelated groups: systemic, local and
loading factors. Systemic factors are those which make the joint vulnerable to greater
loading, these include: older age, gender, genetic predispositions, obesity and ethnic
factors. Age is the most strongly correlated factor to OA. Local risk factors include
malalignment, mis-shaped joints, proprioceptive deficiencies and muscle weakness.
Loading factors include obesity and injurious physical activities.39 The most commonly
studied risk factors include knee joint load and lower limb alignment.
The most commonly affected region of the knee is the medial tibiofemoral compartment.
This is thought to be due to the observation that approximately 75% of the knee joint load
during walking passes through the medial tibial plateau.10 Importantly, this imbalance in
medial and lateral compartment loading occurs even in neutral lower limb alignment, and
is exacerbated in the presence of varus alignment. Varus alignment shifts this load
medially, causing even more load to go through the medial compartment. Varus
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alignment has been associated with a three-to-four-fold increase in risk of progression of
medial tibiofemoral compartment OA.34,40
2.02 Gait Analysis in the Study of Knee OA
Three dimensional gait analysis is a non-invasive method for determining the
biomechanics of the load-bearing joints of the body. Gait analysis has become an
important tool for quantifying normal and pathological walking patterns and has been
suggested to be useful for selecting treatment options and evaluating their results, as well
as identifying responders to specific interventions.28,31,41 The gait biomechanics of
patients with knee OA have been widely reported, although they have mainly focused on
the frontal and sagittal planes.4,9,42,43
2.03 Moments about the Knee in Subjects with OA
The moments about the knee during walking have been measured in several studies
evaluating knee OA due their proposed importance to knee joint loading.7–9
Frontal Plane
Knee moments about the frontal plane are of particular interest in the study of knee OA.44
The external knee adduction moment has been suggested as a viable proxy for the knee's
medial compartment load accounting for 60-80% of the compressive load4,45 and has
been correlated with the development and progression of knee OA.13,15,16,46 Crosssectional studies have demonstrated that patients with knee OA have a higher knee
adduction moment when compared with healthy-age matched controls.25,47 Miyazaki et
al.14 found that for every one unit increase in the peak knee adduction moment there was
a 6.5-fold increase in the risk of progression of medial compartment OA as measured on
radiographs.
Recently the knee adduction angular impulse has also been investigated as it incorporates
the magnitude and duration of the knee adduction moment waveform. Similar to the knee
adduction moment, its impulse has also been linked to radiographic OA severity.48 Using
magnetic resonance imaging to quantify articular cartilage morphology, Bennell et al.49
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found that a higher knee adduction impulse at baseline was independently associated with
a greater decrease medial tibial cartilage volume over a 12 month period.
Sagittal Plane
Moments in the sagittal plane have also been found to be affected by knee OA.17,19–21,50
Huang et al.21 found a reduced peak knee extension moment within their OA group,
without any difference between subjects with mild and severe OA. Gok et al.18 found
that subjects with OA had reduced knee extension moments and flexion extension
moments. Kaufman et al.20 found that as BMI increased, the knee extension moment
decreased, suggesting that individuals with increased BMI demonstrated a greater
compensation to reduce the joint loading. However, Kaufman did not find a significant
difference in flexion moment between the OA and control subjects.
Transverse Plane
Andriacchi & Mundermann4 have suggested that changes in the transverse plane
mechanics at the knee may initiate degenerative changes in the articular cartilage by
placing new loads on regions that were previously conditioned for different load levels.
Few studies have considered the moments about the knee in the transverse plane;
however, some report increases in knee rotation moments compared to healthy
controls.22,23 Gok et al.18 found increased external rotation moments in subjects with OA,
while Brandon et al.51 reported a decrease in internal rotation moment. However, both
Landry et al.54 and Kaufman el al.55 investigated knee moments in the transverse plane
and did not find a significant difference between the OA and control groups. These
discrepancies in values reported in the literature may be due to the fact that the transverse
plane moments are last to be calculated by order of computation.
2.04 Reliability and Validity
The usefulness of measurements in clinical research and decision-making depends on the
extent to which investigators can rely on data as accurate and meaningful indicators of an
attribute or behaviour.52 There are two prerequisites for this: reliability and validity.
Reliability relates to the reproducibility of a measure; however, it does not give an
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indication of accuracy. The second prerequisite, validity, gives the indication of accuracy.
Validity assures that the test is measuring what it intends to measure.52 Both variables are
necessary to draw confident conclusions about data.
Measures of Reliability
Most measurements have some amount of measurement error associated with them. This
accounts for the effect of systematic and random sources of error. Such errors within gait
analysis may be due to marker placement, skin artefact motion, identification of
anatomical landmarks, natural variation in walking and the motion capture system’s
ability to track markers. The amount of this error is often measured by a reliability index.
The intraclass correlation coefficient (ICC) is a measure of relative reliability, and is a
unitless measure of the extent to which replicate measures within a client differ.53
Varying from 0 to 1, a higher ICC represents higher reliability. Another way of
representing the reliability of a measure is to express the measurement error in the same
units as the original measure.54 The standard error of measurement (SEM) is a measure of
absolute reliability, quantifying the extent to which a measure is reliable. A low SEM
indicates a high level of reliability. Lastly, the minimum detectable change (MDC)
provides meaningful and practical assessment of measurement error by providing a single
value for each variable in the units of measure.52 Specifically, the MDC represents the
amount of change required to be confident that a true change for an individual occurred
(for example, due to the effect of a treatment) rather than variation due to measurement
error.
Measures of Validity
Known groups validity refers to a validation process where two or more distinct groups
are compared.54 Using cross-sectional samples, the moments about the knee during
walking for subjects known to have OA can be compared to a group of subjects known to
be without symptomatic knee OA. Observed differences in knee moments between these
groups can help to support the validity of such measures. As described above, previous
studies comparing knee moments between healthy and control groups have produced
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variable findings, and may be related to the characteristics of the different samples
investigated.
Reliability in Gait Analysis
Previous investigators have evaluated the reliability of gait variables. For example,
Birmingham et al.55 evaluated the test-retest reliability of the peak knee adduction
moment during gait in patients with medial compartment knee OA, when the test and
retest sessions were separated by at least one day. They reported an ICC of 0.86 and a
SEM of 0.36%BW·ht. When expressed at the 95% confidence level, the MDC was
1.00%BW·ht.55
Wilken et al.56 assessed the reliability and MDC for healthy (BMI<25) adults for three
conditions: interrater-intrasession, intrarater-intersession and interrater-intersession. They
also assessed four velocities: self-selected, a predefined velocity based on leg length, and
velocities 20% faster and slower.56 For healthy individuals, the ICC was greater than 0.75
for the knee moments in all three planes, and did not significantly change for walking
speeds. The MDCs were also lower than previously reported in patient populations.
2.05 Example Treatment Options for Knee OA
There is currently no known cure for OA. Treatment options focus on the management of
symptoms and attempts to slow or stop the progression of the disease. Although surgical
options such as high tibial osteotomy and total knee replacement yield favourable results,
conservative treatments remain an important first-line option. Of the non-surgical
options, non-pharmacological are generally recommended first.57–59 Specifically, nonpharmaceutical interventions such as unloader knee braces, variable stiffness shoes and
lateral heel wedges aim to reduce the knee’s medial compartment load.
Medial Opening Wedge High Tibial Osteotomy (HTO)
The medial opening wedge high tibial osteotomy is a surgical procedure intended to
correct varus alignment, re-distribute knee joint loads away from the medial compartment
of the tibiofemoral joint, and thereby improve symptoms. This correction in alignment

9

shifts the ground reaction force medially, thereby decreasing the frontal plane knee
moments by reducing the level arm. Although effects on delaying disease progression are
unclear, several authors have reported favourable results in terms of the effect of HTO on
decreasing varus alignment and external knee adduction moments, two important risk
factors for the progression of medial compartment knee OA.60–62
Unloading Knee Braces
Unloading braces were devised to relieve pain by applying an opposing external valgus
moment about the knee to reduce the load on the medial compartment.63 Several studies
investigating the clinical efficacy of valgus knee bracing have reported that patients
experience significant pain reduction and improvement in physical function.64–68 The
biomechanical results of knee braces are dependant on the brace design and vary
considerably. Some studies have found that patients had a reduction in knee pain despite
no difference in their adduction moments, a finding that may be atributed to an
improvement in joint proprioception.67 Jones et al.69 found that valgus bracing
significantly reduced the first peak knee adduction moment by 7.3% and the knee
adduction impulse by 9.5%. Toriyama et al.70 reported an 11.1% decrease in the knee
adduction moment with bracing. Pollo et al.63 evaluated the net knee adduction moment
using braces instrumented with strain gauges, and reported a reduction in the net knee
adduction moment of approximately 13% about the knee and a decrease of about 11% in
the medial compartment. Using an elementary mechanical model, Shelburne et al.71
found that for each 1N·m increase in brace moment there was a decrease of 3% in the
peak adduction moment. However for simplicity, Shelburne’s analysis neglected the
forces applied by the muscles and ligaments crossing the knee. In each of these studies,
patient responses were highly variable. Feehan et al.72 found that only one knee brace
study of 15 reported that all patients experienced pain relief.
Lateral Heel Wedges
Lateral heel wedges were first proposed for medial knee OA by Sasaki and Yasuda.73,74
They found that the laterally wedged insole shifted the calcaneus into a valgus position
relative to the tibia creating a more vertically aligned lower limb. Sasaki and Yasuda
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concluded that this decreased the medial load and thus reduced knee pain. Several
biomechancial studies have studied the effects of laterally wedged insoles on static
alignment and medial compartment loading. During walking, a reduction in the peak
adduction moment of 5-10% has been reported.69,75–78 Although case series report 5382% of patients with knee OA wearing laterally wedged insoles experience decreased
pain,79,80 there is only limited evidence from three randomized controlled trials
demonstrating efficacy of wedged insoles.6 Maly et al.30 and Pham et al.29 both reported
that lateral wedged insoles had no effect on the peak knee adduction moment in
individuals with knee OA. Jones et al.69 found that lateral heel wedges significantly
reduced the first peak knee adduction moment by 12.7% and the knee adduction angular
impulse by 17.0%.69 Shelburne et al.71 found that for each 1mm displacement of the
centre of pressure there was a decrease of 2% in the peak adduction moment. Kerrigan et
al.78 found that a 5o wedge reduced the peak knee adduction moment by approximately
6% and by 8% with the 10o wedge, though the 10o wedge was not as well tolerated by
patients. Hinman et al.25 demonstrated that laterally wedged insoles immediately reduced
the knee adduction moment by 5-9% in a sample of 40 patients with medial compartment
knee OA. In addition to the patients that did not experience a reduciton in pain, Hinman
et al.25 found that five individuals (12.5% of the sample group) actually demonstrated an
increase in knee adduction moment. This points to a group of patients that do not respond
to the intervention. In another study by Hinman et al.28 23% of participants (17/73)
increased their knee adduction moment with lateral wedges.
Variable Stiffness Shoes
Variable stiffness shoes are another non-surgical mechanical intervention, somewhat
similar in design to lateral heel wedges, aimed at reducing knee joint loading. These
shoes, with a greater lateral sole stiffness, have been shown to reduce the knee adduction
moment in healthy individuals, and unlike some lateral wedges were not associated with
subject discomfort.78,81 Erhart et al.31 evaluated the effect of a variable stiffness shoe on
79 subjects with knee OA. At normal walking speed, there was a wide variation in
responses with the change in the peak knee adduction moment ranging from a 20%
reduction to a 7% increase.31 In this study, 18% of the subjects experienced an increase in
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peak knee adduction moment with the variable stiffness shoes. Erhart et al.31 highlighted
that subject-specific characteristics such as lower limb alignment, upper body movement,
neuromuscular control, and muscle strength may influence the ability of an intervention
to affect the subject’s joint moments, and that there were multiple ways to respond to an
intervention.
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CHAPTER 3 – METHODS
3.01 Study Design
The within-session test-retest reliability of moments about the knee in the three
anatomical planes of the body was evaluated by having participants undergo quantitative
gait analysis on one test session consisting of four walking trials. Participants underwent
a three-dimensional gait analysis with the use of optical motion analysis cameras and a
floor mounted force platform. The study was conducted in the Wolf Orthopaedic
Biomechanics Laboratory (WOBL) at the University of Western Ontario (London,
Ontario, Canada) and was approved by the institution’s Research Ethics Board for Health
Sciences Research Involving Human Subjects (Appendix I). All participants provided
informed consent (Appendix I).
3.02 Participants
A sample of convenience consisting of 109 patients having undergone surgery for medial
compartment knee OA were recruited. All patients were recruited from the Fowler
Kennedy Sport Medicine Clinic and had a preoperative diagnosis of medial compartment
tibiofemoral OA and associated varus alignment of the lower limb. A group of 61 patients
was matched to 61 healthy controls without knee OA with similar age, sex and body mass
index. Subjects were matched in order of the following priority: sex, BMI, age. Criteria
for creating matched subject pairs were BMI within 2 kg/m2 and age within 5 years. The
healthy control group did not have symptomatic knee OA and were recruited from the
university by using posters and word of mouth. Inclusion criteria included no history of
lower limb surgery, no clinical diagnosis of OA or rheumatoid arthritis and no chronic
knee pain within the past two years. Exclusion criteria for both groups included any
major neurological deficit that would affect gait, pregnancy, inability to speak or read
English, or a psychiatric condition that could limit informed consent.
3.03 Gait Testing Protocol
Patients underwent three-dimensional gait analysis using an eight-camera optical motion
capture system (Cortex 2, Motion Analysis Corporation, Santa Rosa, USA) that was
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synchronized with a single, floor-mounted force platform (Advanced Mechanical
Technology Inc., Watertown, USA). Passive reflective markers were placed on the
patient using a twenty-two marker, modified Helen Hayes marker set.11 Four additional
makers were placed bilaterally over the medial knee joint line and medial malleolus for
an initial static standing trial with the patient stationary on the force platform to
determine the patient’s body mass, marker orientations and relative joint centres for the
hips, knees and ankles. The four extra markers were removed prior to gait testing.
Patients were instructed to walk over an 8-meter walkway at a self-selected pace. Patients
walked barefoot so as to negate the potential confounding effects of different types of
footwear. Each patient performed two practice trials to become accustomed to the testing
and to allow the investigator to modify the starting position on the walkway, if necessary,
to achieve a clean force plate strike with each pass. A clean force plate strike was defined
as one foot landing on the force platform within the boundary of the edges of the plate,
without any alteration by participants to their normal gait pattern. A minimum of five
walking trials with clean force plate strikes were collected for each limb.
Kinematic data (sampled at 60 Hz) and kinetic data (sampled at 1200 Hz) were collected
during the middle of several strides to avoid the acceleration and deceleration phases at
the start and end, respectively, of each trial. From the kinetic data the resultant moments
about the knee were calculated using inverse dynamics. Gait data were processed using
commercial software (Motion Analysis Corporation, Santa Rosa, USA) and custom post
processing and data reduction techniques.
Lower limb alignment of all participants was assessed using the mechanical axis angle,
defined as the angle formed by lines drawn from the centre of the hip to the centre of the
knee, and the centre of the knee to the centre of the ankle. For participants without knee
OA, these points were derived from the motion capture system. For patients with knee
OA, these points were identified on bilateral, standing full-length AP radiographs.10,82
Kellgren-Lawrence severity ratings were assessed for the symptomatic limb using these
radiographs.
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3.04 Data Processing
External moments about the knee in all three anatomical planes were calculated from the
kinematic and kinetic data using commercial software (Orthotrak 6.6.1; Motion Analysis
Corporation, Santa Rosa, CA) and custom post processing and data reduction
techniques.43 Each lower limb segment (foot, shank, and thigh) was modeled as a rigid
body with a local coordinate system that coincided with anatomically relevant axes.
Inertial properties of each limb segment were approximated anthropometrically and
translations and rotations of each segment were reported relative to neutral positions
defined during the initial standing static trial.
All moments were normalized to body weight and height (%BW.ht), plotted over 100%
of stance and summarized in the following ways. For the frontal plane knee moment, the
value of the adduction moment was identified at the first peak (maximum value in the
first half of stance) and the second peak (maximum value in the second half of stance).
The entire adduction portion of the curve (not normalized to 100% of stance) was then
integrated with respect to time (%BW.ht.s) to calculate the knee adduction impulse (i.e.
area under the curve). For the sagittal plane knee moment, the peak flexion and extension
moments were identified. Lastly, for the transverse plane knee moments, the peak internal
and external rotation moments were identified. Please refer to Figure 4.8.
The moments about the knee were calculated for each of the four repeated trials of the
affected lower limb of each patient, and for the right limb of each healthy control. The
mean of the first two trials was defined as Test 1, and the mean of the last two trials was
defined as Test 2.
3.05 Statistical Analysis
Within-session Test-retest Reliability
Reliability was first evaluated visually with Bland and Altman plots by plotting the
difference between the two tests against the mean of the two tests.83 Reliability was then
evaluated by calculating intraclass correlation coefficients (ICC 2,1) and the standard
error of measurements (SEM).53,55 The ICC provided an indication of how well the
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measures distinguished among patients (relative reliability), while the SEM provided an
expression of the measurement error (absolute reliability). The estimated error at one
point in time in an individual’s measurement was then calculated by multiplying the SEM
by the Z-values for various confidence levels. Finally, the minimum detectable change
(MDC) at various confidence levels was calculated by multiplying the estimated error at
one point in time by the square root of two (to account for measurement error on 2 test
sessions). Statistical analyses were performed using the Statistical Package for the Social
Sciences (SPSS, v.20, SPSS Inc, Chicago, IL, USA). Statistical significance was set a
p=0.05.
Known Groups Validity
The means and standard deviations for all variables were calculated for each group. The
differences between subjects with and without knee OA were evaluated using
independent t-tests. Mean differences with 95% confidence intervals (CI) were described.
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CHAPTER 4 – RESULTS
4.01 Within-session Test-retest Reliability
Thirteen patients were excluded from the analyses due to an unidentifiable first or second
peak knee adduction moment in one or more trials. Subject demographic and clinical
characteristics are summarized in Table 4.1. The mean values for the test and retest, and
the associated ICCs, are reported in Table 4.2. Tables 4.3-4.9 summarize the estimates of
the error associated with an individual patient’s moment (or impulse) at one point in time,
and the minimum detectable change within the same session at various confidence levels.
Bland and Altman plots are shown in Figures 4.1-4.7.
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Table 4.1. Patient demographic and clinical characteristics (n =109, 85
males/24 females)
Value*
Age, years
47.6 ± 9.5
Height, cm
173.7 ± 9.9
Mass, kg
87.7 ± 16.3
Body mass index, kg/m2
29.0 ± 4.8
Gait speed, m/s
1.1 ± 0.2
Varus alignment, degrees†
0.1 ± 4.2
Kellgren and Lawrence grade, no. of patients
1
19
2
41
3
35
4
14
* Values are the mean ± SD unless otherwise indicated
†Mechanical axis angle
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Table 4.2. Knee moments for Test 1 and Test 2 completed within one testing
session
Test 1*
Test 2**
ICC
95%CI
Knee Moment, (%BW·ht)
Mean (SD) Mean (SD) (2,1)
First Peak Adduction
1.90 (0.95)
1.90 (0.93)
0.93 0.90, 0.95
Second Peak Adduction
1.98 (0.99)
1.95 (0.96)
0.94 0.91, 0.96
Adduction Impulse, (%BW·ht·s) 1.00(0.45)
1.04 (0.46)
0.92 0.89, 0.95
Peak Flexion
1.22 (1.24)
1.14 (1.22)
0.93 0.90, 0.95
Peak Extension
-2.77 (1.18) -2.80 (1.21) 0.93 0.90, 0.95
Peak External Rotation
0.05 (0.20)
0.04 (0.18)
0.84 0.77, 0.89
Peak Internal Rotation
-0.84 (0.38) -0.83 (0.36) 0.96 0.94, 0.97
*mean of first two trials
**mean of second two trials
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Figure 4.5. Bland and Altman plot for peak knee extension moment
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Figure 4.6. Bland and Altman plots for peak knee external rotation moment
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Table 4.3. Estimates of the error associated with a patient’s first peak knee
adduction moment and the minimum detectable change within the same session at
various confidence levels*
Confidence Level,
Measurement Error,
Minimum Detectable Change,
(± %BW·ht)†
(± %BW·ht)‡
%
95
0.48
0.68
90
0.40
0.57
85
0.35
0.50
80
0.31
0.44
75
0.28
0.40
50
0.17
0.23
*Estimates are based on the standard error of measurement (SEM) of 0.25%BW·ht
observed in the present sample.
† SEM x Z value.
‡ SEM x Z value x √2.
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Table 4.4. Estimates of the error associated with a patient’s second peak knee
adduction moment and the minimum detectable change within the same session at
various confidence levels*
Confidence Level,
Measurement Error,
Minimum Detectable Change,
(± %BW·ht)†
(± %BW·ht)‡
%
95
0.48
0.67
90
0.40
0.57
85
0.35
0.49
80
0.31
0.44
75
0.28
0.40
50
0.16
0.23
*Estimates are based on the standard error of measurement (SEM) of 0.24%BW·ht
observed in the present sample.
† SEM x Z value.
‡ SEM x Z value x √2.
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Table 4.5. Estimates of the error associated with a patient’s knee adduction impulse
and the minimum detectable change within the same session at various confidence
levels*
Confidence Level, Measurement Error,
Minimum Detectable Change,
(± %BW·ht·s)†
(± %BW·ht·s)‡
%
95
0.25
0.36
90
0.21
0.30
85
0.19
0.26
80
0.17
0.23
75
0.15
0.21
50
0.09
0.12
*Estimates are based on the standard error of measurement (SEM) of 0.13%BW·ht·s
observed in the present sample.
† SEM x Z value.
‡ SEM x Z value x √2.
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Table 4.6. Estimates of the error associated with a patient’s peak knee flexion
moment and the minimum detectable change within the same session at various
confidence levels*
Confidence Level,
Measurement Error,
Minimum Detectable Change,
(± %BW·ht)†
(± %BW·ht)‡
%
95
0.65
0.92
90
0.55
0.77
85
0.48
0.68
80
0.43
0.60
75
0.38
0.54
50
0.22
0.32
*Estimates are based on the standard error of measurement (SEM) of 0.33%BW·ht
observed in the present sample.
† SEM x Z value.
‡ SEM x Z value x √2.
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Table 4.7. Estimates of the error associated with a patient’s peak knee extension
moment and the minimum detectable change within the same session at various
confidence levels*
Confidence Level,
Measurement Error,
Minimum Detectable Change,
(± %BW·ht)†
(± %BW·ht)‡
%
95
0.60
0.85
90
0.50
0.71
85
0.44
0.62
80
0.39
0.55
75
0.35
0.50
50
0.21
0.29
*Estimates are based on the standard error of measurement (SEM) of 0.31%BW·ht
observed in the present sample.
† SEM x Z value.
‡ SEM x Z value x √2.
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Table 4.8. Estimates of the error associated with a patient’s peak knee external
rotation moment and the minimum detectable change within the same session at
various confidence levels*
Confidence Level,
Measurement Error,
Minimum Detectable Change,
(± %BW·ht)†
(± %BW·ht)‡
%
95
0.050
0.070
90
0.042
0.059
85
0.036
0.051
80
0.032
0.046
75
0.029
0.041
50
0.017
0.024
* Estimates are based on the standard error of measurement (SEM) of 0.08%BW·ht
observed in the present sample.
† SEM x Z value.
‡ SEM x Z value x √2.
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Table 4.9. Estimates of the error associated with a patient’s peak knee internal
rotation moment and the minimum detectable change within the same session at
various confidence levels*
Confidence Level,
Measurement Error,
Minimum Detectable Change,
(± %BW·ht)†
(± %BW·ht)‡
%
95
0.15
0.22
90
0.13
0.18
85
0.11
0.16
80
0.10
0.14
75
0.09
0.13
50
0.05
0.07
*Estimates are based on the standard error of measurement (SEM) of 0.08%BW x ht
observed in the present sample.
† SEM x Z value.
‡ SEM x Z value x √2.
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4.02 Known Groups Validity
A total of 122 subjects (61 in each group) were used for this analysis. Subject
demographic and clinical characteristics are summarized in Table 4.10. Ensemble
average plots (n=61) for the moments in all three planes are shown in Figure 4.8. The
moments about the knee are reported in Table 4.11. Table 4.12 summarizes the
independent t-tests for each variable.
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Table 4.10. Subject demographic and clinical characteristics (n=61/group;
36males:25 females/group)*
Subjects with OA
Control Subjects
Age, years
43.5 ± 11.4
43.0 ± 12.0
Height, cm
174.5 ± 10.5
173.3 ± 7.6
Mass, kg
79.4 ± 15.4
78.2 ± 14.5
Body mass index, kg/m2
26.0 ± 3.8
26.0 ± 3.8
Gait speed, m/s
1.1 ± 0.2
1.1 ± 0.1
†
Varus alignment, degrees
7.3 ± 3.8
0.1 ± 3.7
Kellgren and Lawrence
grade, no. of patients
1
10
2
18
3
21
4
12
Males
Females
Males
Females
Age, years
43.5 ± 11.5 43.7 ± 11.7 43.3 ± 12.1 42.9 ± 11.2
Height, cm
180.9 ± 7.5 165.4 ± 6.0 177.0 ± 7.0 166.6 ± 6.1
Mass, kg
88.3 ± 13.8 69.5 ± 10.6 84.6 ± 14.7 70.6 ± 10.5
2
Body mass index, kg/m
27.0 ± 3.8
25.4 ± 3.9
26.9 ± 3.9
25.4 ± 3.7
Gait speed, m/s
1.2 ± 0.2
1.1 ± 0.2
1.1 ± 0.1
1.2 ± 0.1
†
Varus alignment, degrees
7.1 ± 4.4
7.6 ± 2.9
0.6 ± 3.6
-0.5 ± 3.9
Kellgren and Lawrence
grade, no. of patients
1
7
3
2
12
6
3
12
9
4
5
7
*Values are the mean ± SD unless otherwise indicated
†Mechanical axis angle

Frontal Plane Knee Moments (%BW ht)

35

4
Flexion

Subjects with OA
Control Subjects

2

0

-2

-4

Extension

-6
0

20

40

60

80

100

% Stance
1
External

Subjects with OA
Control Subjects

0

-1

-2

Internal

-3
0

20

40

60

80

100

% Stance

Figure 4.8. Ensemble averages (n=61) for frontal plane knee moments (top panel),
sagittal plane knee moments (middle panel), and transverse plane knee moments
(bottom panel). Shaded areas represent the ensemble average ± 95% confidence
intervals throughout stance for the controls. Solid lines represent the ensemble
average for the patients, with 95% confidence intervals inserted at the first and
second peaks
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Table 4.11. Mean (SD) knee moments in all three planes for known groups
Knee Moment, (%BW·ht)
First Peak Adduction
Second Peak Adduction
Adduction Impulse, (%BW.ht.s)
Peak Flexion
Peak Extension
Peak External Rotation
Peak Internal Rotation

Subjects with OA
3.03 (1.02)
2.89 (1.02)
1.43 (0.53)
0.91 (1.18)
-2.48 (1.21)
0.40 (0.29)
-1.71 (0.54)

Control Subjects
2.25 (0.74)
2.19 (0.95)
0.95 (0.38)
1.24 (1.07)
-3.78 (1.07)
0.56 (0.37)
-1.70 (0.50)
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Table 4.12. Mean difference and 95% CI between groups for all variables
Mean difference
between groups
First Peak Adduction
<0.001*
-0.78
Second Peak Adduction
<0.001*
-0.69
Adduction Impulse, (%BW·ht·s) <0.001*
-0.48
Peak Flexion
0.112
0.33
Peak Extension
<0.001*
-1.31
Peak External Rotation
0.008*
0.16
Peak Internal Rotation
0.924
0.01
*indicates a significant difference between groups.
Knee Moment, (%BW·ht)

p-value

95% CI
(lower, upper)
-1.10, -0.47
-1.05, -0.34
-0.65, -0.32
-0.08, 0.73
-1.72, -0.90
0.04, 0.28
-0.18, 0.20
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CHAPTER 5 – DISCUSSION
The present findings are consistent with the hypotheses for within-session test-retest
reliability. The Bland and Altman plots showed strong agreement between test 1 and test
2 for the moments about the knee in each of the frontal, sagittal and transverse planes.
The differences between tests for the vast majority of subjects fell within two standard
deviations of the mean, and there were no obvious patterns observed in the plots
indicating systematic biases. The ICCs ranged from 0.83 to 0.96, (Table 4.2) suggesting
excellent relative reliability for the moments in all three planes. While the within-session
test-retest reliability of the moments about the knee has not been investigated to our
knowledge, the present results do agree with similar reports evaluating between-session
test-retest reliability. Birmingham et al.55 reported excellent test-retest reliability of the
peak knee adduction moment in patients with medial compartment knee OA. Wilken et
al.56 reported good reliability for the moments in all three planes when evaluating healthy
adults. Because the ICC is considered a measure of relative reliability, providing an
indication of how well a measure is capable of differentiating among the patients on
whom the measurements were taken,53 the present ICCs suggest that the moments about
the knee in all three planes are appropriate for use in distinguishing among subjects.
Therefore, these moments may be of use when evaluating samples of patients taking part
in studies testing various interventions for knee OA.
In addition to evaluating relative reliability, the SEM was calculated to express the
absolute reliability of an individual’s knee moment value. The present SEMs allow one to
interpret an individual’s knee moment value in all three planes within a certain amount of
measurement error. For example, the SEM for the first peak knee adduction moment was
0.25%BW·ht. Multiplying this value by the z-value for the 95% confidence interval
(1.96), the variation in an individual’s first peak knee adduction moment is expected to
±0.48%BW·ht.52 To estimate the minimum detectable change (MDC) required to be
confident that a true change has occurred, the measurement error is multiplied by the
square root of two (accounting for the measurement error of two test sessions). Thus, in
the present example, the individual’s mean first peak knee adduction moment must have
changed by greater than 0.68%BW·ht to be 95% confident that a true change occurred
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(see Table 4.3). The present thesis provides several tables (Tables 4.3 to 4.9) detailing
these values for the most commonly used knee moment measures. These tables can be
used to help assess whether an individual patient’s score has truly changed (i.e. with the
use of an intervention intended to alter knee moments) or not. Therefore, these tables
should help in identifying responders to interventions intended to create immediate
changes in the moments about the knee in patients with knee OA.
Note that the MDC required at the 95% confidence level is quite high compared to the
mean value from the present sample (see Table 4.13). This illustrates that although the
moments about the knee are indeed reliable and can be used in studies evaluating samples
of patients undergoing treatments, caution should be adopted when evaluating the change
in an individual’s score. Depending on the level of confidence desired, relatively large
changes are required to detect changes in knee moments of individual patients.
Importantly, the present reliability estimates are only applicable to patients with
characteristics similar to those in this study. In this case, that includes patients that have
undergone medial opening wedge HTOs. Note that such patients have moments that are
different than patients with knee OA before surgery (e.g. the first peak adduction moment
in patients with knee OA before surgery was 3.03%BW·ht compared to 1.90%BW·ht for
those patients that had undergone medial opening wedge HTOs - further comparisons can
be made using Tables 4.2 and 4.11). The present sample also consisted of more males
than females. Although this is typical of younger patients with varus alignment and
medial compartment knee OA, caution must be used when applying the results to
females. Also, results are only generalizable to methods using similar testing equipment
and procedures. Reliability results are only applicable to gait analysis using the mean of
two trials completed during barefoot walking.
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Table 4.13. Summary of means and minimum detectable changes
Knee Moment (%BW·ht)
Mean
MDC95*
First Peak Adduction
1.90
0.68
1.96
0.67
Second Peak Adduction
1.02
0.36
Adduction Impulse (%BW·ht·s)
1.18
0.92
Peak Flexion
-2.78
0.85
Peak Extension
0.05
0.07
Peak External Rotation
-0.84
0.22
Peak Internal Rotation
*Minimum Detectable Change using the 95% confidence level

41

The present results are also consistent with our hypotheses regarding known groups
validity. All knee adduction moment measures and the peak knee extension moment were
significantly different for those with medial compartment knee OA compared to those
without symptomatic knee OA. These findings are in agreement with studies by Baliunas
et al.19, Maly et al.84, Henriksen et al.85 and Huang et al.21 A significant reduction in peak
external knee rotation moment was also found. This is contrary to the studies by Landry
et al.86 and Kaufman et al.20, as well as with those reported by Gok et al.18 and Krauss et
al.22 who both reported an increase in the peak external knee rotation moment.
Patient and control groups were compared using multiple independent t-tests. Although
doing so increases the risk of Type I errors, p values were sufficiently low that even when
corrections were made for multiple comparisons, statistical significance was maintained.
The results of this thesis may also be helpful for establishing reasonable treatment goals
targeted at changing knee moments during gait. For example, the present known groups
validity results suggest that a patient with knee OA and a high peak knee adduction
moment (e.g., greater than 4.0%BW·ht) must decrease their moment by 1.0%BW·ht to
achieve the level of a healthy individual without knee OA. The present test-retest
reliability results suggest that a reduction in the knee adduction moment of about
0.7%BW·ht is required to be sure a true change has occurred (based on a 95% confidence
level). Similarly, a patient with a low knee extension moment (e.g., less than 1.2%BW·ht) must have a change greater than 1.5%BW·ht to achieve the level of a
healthy control. An increase of 0.9%BW·ht is necessary to be sure a true change has
occurred (based on the 95% confidence level). In combination, these findings suggest that
if changes in knee moments during gait that are greater than the minimum detectable
changes can be achieved, then they would be approaching values of those observed in
healthy individuals without knee OA.
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Conclusions
The present results suggest that knee moments during gait are reliable and valid. The
present thesis provides several tables to help the tester incorporate measurement error
when evaluating the immediate changes observed in an individual patient within one
testing session. Relatively large individual changes are required to be confident that a true
change has occurred in the present patients. If such changes are obtained, they would be
approaching those of healthy individuals without knee OA.
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Wolf Orthopaedic Biomechanics Laboratory
3M Centre, The University of Western Ontario, London, Ontario, N6A 3K7
Information Letter
Title of Study: Medial Opening Wedge High Tibial Osteotomy for the Treatment of Knee
Osteoarthritis: Evaluation of Dynamic Joint Loads and Health-Related
Quality of Life
Investigators: Dr. T. Birmingham, Dr. P. Fowler, Dr. R. Giffin, Dr. R Litchfield, Dr. B.
Chesworth, Dr. T. Jenkyn, Mr. Ian Jones, Dr. D. Bryant
The purpose of this letter is to provide you with the information you require to make an
informed decision about participating in this research.
You are being invited to participate in a research study looking at whether certain
characteristics of walking affect the results of knee realignment surgery, termed high
tibial osteotomy. We are asking you to take part because you will be undergoing this type
of surgery for the treatment of your knee osteoarthritis.
If you agree to participate in the study, you will be asked to undergo a walking test (also
called a gait analysis) before your knee surgery and at several different times after your
surgery. These tests will be scheduled at 6, 12, and 24 months, 5 years, 8 years and 10
years after surgery to coincide with your follow-up visits with your orthopaedic surgeon
at the Fowler Kennedy Sport Medicine Clinic. Information from the walking tests will be
combined with information recorded from your chart, including x-rays and
questionnaires. Walking tests will take place in the Fowler Kennedy Sport Medicine
Clinic, in the Wolf Orthopaedic Biomechanics Lab. Each walking test will require
approximately 60 minutes of your time.
The biomechanics lab is equipped with special cameras mounted on the walls, and a force
plate embedded in the centre of the floor. You will be asked to walk a distance of
approximately 8 meters at a self-selected pace across the force plate, as the cameras
follow several reflective markers placed on your skin over your feet, knees, hips, arms
and shoulders. These markers will be fastened to your skin using double-sided tape.
Although markers are removed easily, they may cause some pulling if stuck to hair, and
we may shave some areas with a plastic disposable razor to limit discomfort. To assist in
the placement of markers, you will be asked to wear shorts (or tights) and a T-shirt or
tank top. We will ask you to walk for approximately 10-20 minutes continuously on the
flat tile floor of the lab. You will be encouraged to take rest breaks if needed.
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There are no known risks or benefits to your participation in this study. Participation in
this study is voluntary. You may refuse to participate, refuse to answer any questions or
withdraw from the study at any time with no effect on your future care.
Ian Jones from the Wolf Orthopaedic Biomechanics Lab will be coordinating this study.
If you have any questions about the study procedures, you can contact Ian Jones at
(XXX) XXX-XXXX ext. XXXXX. Any information that you provide will be kept in a
locked cabinet in the Wolf Orthopaedic Biomechanics Lab and will be destroyed after
completion of the study. All information will be kept confidential. If the results of the
study are published, your name will not be used and no information that discloses your
identity will be released or published.
If you have any questions about the conduct of this study or your rights as a research
subject you may contact The Director, Office of Research Ethics, The University of
Western Ontario, Phone (XXX) XXX-XXXX.
This letter is yours to keep.
Thank you.
Trevor Birmingham
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Letter of Information
Title of Study: Normative data for proposed compensatory gait patterns, muscle strength
and muscle activation in healthy individuals with no knee symptoms.
Investigators: Dr. Trevor Birmingham, Sara Richardson and Dr. Robert Giffin.
The purpose of this letter is to provide you with information required to assist you in
making an informed decision about participating in this research.
You are being invited to participate in a research study looking at the normal range of
values for certain walking characteristics (proposed compensatory gait patterns), strength
of the thigh muscles and the ability to fully activate them. We are asking you to take part
because you have healthy knees that we will compare to individuals with knee
osteoarthritis (OA).
If you agree to participate in the study, you will be asked to undergo tests that assess your
thigh muscle strength, and walking abilities. You will also complete another series of
strength tests that assess your ability to fully activate your muscles. The entire session
will occur during one visit and will require approximately 90 minutes of your time. You
will be asked to bring shorts and a t-shirt and athletic footwear (running shoes) for the
test session.
The biomechanics lab is equipped with a strength-testing machine that allows us to
measure the forces your muscles can produce. You will be seated on this device and
asked to straighten and bend your knee as hard and fast as possible against resistance.
During the second test session, a mild electrical shock will be applied to the muscles of
your upper leg. This shock will help us determine the amount of muscle activation.
The lab also has special cameras mounted on the walls and a force plate embedded in the
centre of the floor that assesses how you walk. We will place several reflective rubber
markers on your skin over your feet, knees, hips, arms and shoulders. These markers are
fastened to your skin with double-sided tape. Although the markers are removed easily,
they may cause some pulling if stuck to hair that may require us to shave some areas with
a plastic disposable razor to limit discomfort. To assist with in the placement of markers,
you will be asked to wear shorts or tights and a T-shirt or tank top. You will be asked to
walk a distance of approximately 8 meters at a self-selected pace across the force plate (a
special tile in the floor that measures the forces you are applying to the ground), as the
cameras follow the reflective markers placed on your skin over your feet, knees, hips,
arms and shoulders.
Another test will require you to walk at your self-selected, preferred pace around an
outlined course for 6 (six) minutes. The distance you walk will be recorded. You will also
be asked to sit in a chair and on the command “Go”, get up and walk (at a self-selected
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pace) 10m, turn around, walk back to the chair and sit down. For all tests, you will be
encouraged to take rest breaks if needed.
During the first 48-hours after the strength testing, you may feel some mild muscle
soreness. This is a normal, short-term response to unaccustomed muscular activity, much
like having sore muscles the day after walking several flights of stairs. During the mild
electrical shock, you may experience some discomfort in your muscle, which disappears
following testing. Participation in this study is voluntary. You may refuse to participate,
refuse to answer any questions or withdraw from the study at any time. You may also
request to leave your contact information on file at the Wolf Orthopedic Biomechanics
Laboratory if future research presents itself. In this case, your consent will be acquired to
contact you in the future. Participants may withdraw this consent at any time. Sara
Richardson from the Wolf Orthopaedic Biomechanics Lab will be coordinating this
study. If you have any questions about the study procedures, you can contact Sara
Richardson or Dr. Birmingham at (XXX) XXX-XXXX ext.XXXXX.
There will be no known direct benefits as a result of your participation in this study.
Information from your walking and strength tasks may assist in establishing normal
ranges for a healthy individual’s gait kinematics, muscle strength and activity. This data
can then be compared to individuals with knee OA. All aspects of this study will take
place in the Fowler Kennedy Sport Medicine Clinic, in the Wolf Orthopaedic
Biomechanics Lab. Any information that you provide will be kept in a locked cabinet in
the Wolf Orthopaedic Biomechanics. All information will be kept confidential. If the
results of the study are published, your name will not be used and no information that
discloses your identity will be released or published.
If you have any questions about your rights as a research participant or the conduct of the
study you may contact Office of Research Ethics, The University of Western Ontario at
(XXX) XXX-XXXX or by email at xxxxxx@uwo.ca.
This letter is yours to keep.
Thank you.
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Consent Form

Title of Study: Medial Opening Wedge High Tibial Osteotomy for the Treatment of Knee
Osteoarthritis: Evaluation of Dynamic Joint Loads and Health-Related
Quality of Life
I have read the Letter of Information, have had the nature of the study explained to me
and I agree to participate. All questions have been answered to my satisfaction.

_______________________________
Signature of Participant

Date:_____________________

_______________________________
Signature of Person Obtaining Consent

Date:_____________________
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Consent Form
Title of Study: Normative data for proposed compensatory gait patterns, muscle strength
and muscle activation in healthy individuals with no knee symptoms.
Investigators: Dr. Trevor Birmingham, Sara Richardson and Dr. Robert Giffin

I have read the Letter of Information, have had the nature of the study explained to me
and I agree to participate. All questions have been answered to my satisfaction.
________________________/_______________________
Name (Printed)
Signature of Participant

Date:______________

______________________/_______________________ Date:_______________
Name (Printed)
Signature of Person Obtaining Consent
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